Work on the biosynthesis of the natural oestrogens has been rendered very difficult in the past by the lack of quantitative methods of purification of the microgram quantities of these hormones which exist in tissue. Though there were several methods of estimating the pure oestrogens, they were not directly applicable to accurate estimations in urinary or tissue extracts because of the presence of impurities.
The rigorous purification of oestrone, oestradiol and oestriol has been the aim of several recent investigations (Engel, Slaunwhite, Carter & Nathanson, 1950; Boscott, 1951; Swyer & Braunsberg, 1951; Bauld, 1952) all of which deal with urinary extracts, whilst Diczfalusy (1953) and Ryan & Engel (1953 a, b) have recently applied the countercurrent distribution method of Engel et al. (1950) to tissue extracts. In this technique, however, nonspecific fluorogenic material present, particularly in the early fractions, makes difficult the estimation of minute quantities of oestrogen by fluorimetry. The methods to be described were developed in order to make possible further work on the in vitro synthesis of oestrogens in tissue slices. Initially this had been investigated by using a bio-assay. The normal method of injecting the oestrogen into spayed, adult female mice had not proved to be sufficiently sensitive, but the intravaginal insertion technique of Emmens (1941) produced 50 % vaginal cornification with l O mg. oestrone, and by this means it had been shown that full-term human placental tissue contained 30 Emmens mouse units/g. When this placental tissue was incubated in Warburg flasks for 3 hr., the oestrogenic potency increased by approximately 100 %. However, the large number of mice required for assay, and the lack of specificity, made it clear that chemical estimations were required.
After a study of existing chromatographic techniques, a method was developed which involved a preliminary chemical separation followed by paper partition chromatography and a special spotting technique, with elution of the spots and estimation by fluorimetry.
A preliminary account of part of this work has already been published (Mitchell, 1952) .
EXPERIMENTAL AND RESULTS

Reagents
Ether (May and Baker Ltd., Dagenham), A.R., peroxidefree, was refractionated through a 100 cm. colulmn packed with single-turn glass helices, and used the same day. Benzene, A.R., thiophen-free, was refluxed for 30 min. with conc. H2SO4 and refractionated through a similar 60 cm. column. This column was also used to refractionate the AnalaR carbon tetrachloride and methanol. Ethanol was B.P. quality (James Burrough Ltd., London). Diazotized p-nitrobenzeneazodimethoxyaniline (Fast Black Salt K) was from the Clayton Aniline Co. Ltd., Manchester. All other reagents were of AnalaR quality.
Extraction procedure
The procedure developed in the course of this work is described in Fig. 1 . Fresh placenta was minced and mixed with an equal volume of 80 % (v/v) ethanol within 30 min. of delivery. The method of extraction separated the oestrogens into 'free' (1), 'conjugated' (2), and 'protein-bound, (3) fractions (Diczfalusy, 1953 Heftmann (1950) separated pure oestrogens by coupling with a saturated aqueous soluation of Fast Black Salt K to make azo compounds, followed by paper chromatography. Our sample of this salt solution had to be diluted 30 times with water to achieve results similarto those of Heftmann (1950) .
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In order to investigate the possibility of eluting the purple spots from the paper and estimating the oestrogens colorimetrically, an effort was first made to increase the RF value of oestriol and decrease that of oestrone. These are respectively 0-07 and 0-95, and the spots tended in the one case to merge with the residue left on the origin, and in the other with an orange band which moved with the movingphase front.
The oestrogens were first separated into an oestrone: oestradiol and an oestriol fraction by the preliminary extraction procedure. Heftmann's (1950) original solvent mixture was 200 ml. of toluene, 100 ml. of light petroleum (b.p. 35-60°), 30 ml. of ethanol and 70 ml. of water; after equilibration the top layer was used for the moving phase. This system was modified by increasing the amount of light petroleum to 250 ml. forthe oestrone and oestradiol mixture, and decreasing it to 50 ml. for oestriol. The R, values in the respective systems were then: oestrone, 0-91; oestradiol-17,, 0-63; and oestriol, 0-30.
The parts of the paper containing the spots were cut up and placed in 5 x 0-5 in. test tubes, 1 ml. of benzene was added, and the tubes were gently shaken for a few min.; 0-5 ml. of the benzene was then removed and the colour density measured in the 0-5 ml. cells of the Spekker Photoelectric Absorptiometer using an Ilford Spectrum Bluegreen 603 ifiter (transmission max. 490 m,L.). The absorptions were measured against extractions from controls containing no oestrogen. Fig. 2 shows that this method may be used for the separate estimation of oestrone and oestradiol, but for oestriol the slope of the calibration curve was very smallr, and efforts to make the reaction more sensitive failed. More accurate measurements could be made with a Beckman Spectrophotometer.
Attempts to couple the oestrogens present in the oestrone and oestradiol fraction of placental extract with Fast Black Salt K and to chromatograph the products gave long, darkbrown streaks on the paper. With the oestriol fraction, a spot was formed corresponding in every respect to that of pure oestriol, but the amount present could not be determined precisely by the above method because the slope of the calibration curve was so small (see Fig. 2 Diczfalusy (1953) has used this method, but points out that some overestimation occurs at low concentration of oestrogen, and that oestrone cannot be quantitatively separated from the non-specific fluorogenic contaminants.
Chronatography on alumina-impregnated paper. Using this technique (Bush, 1950) , a method of ascending twodimensional chromatography was evolved which would separate, on papers 6 in. square, part of the oestrogens reasonably free from impurities. The solvents were run to the edge of the paper and the separation achieved is shown in Fig. 3 . The position of the oestrogens was found by the iodine method (Bush, 1950) .
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Many of the original disadvantages of this method have been removed (Bush, 1952) , but small amounts of impurity still cause alteration of RF values with streaking.
Chromatography by Celite:sodium hydroxide column. Apparently reliable results have been obtained by Swyer & Braunsberg (1951) when this method was applied to the very low amounts of oestrogens found in non-pregnancy urines. The method has been further perfected for urine by Bauld (1952 Bauld ( , 1953 , and Bitman & Sykes (1953) have investigated its use for separating pure oestrogens. When the technique was applied to tissue extracts, large amounts of non-specific, fluorogenic material still remained in the oestrogen-containing fractions.
Chromatography on paper impregnated with glycerol and propylene glycol and on a rubber column. Investigation of these techniques (Boscott, 1951; Nyc, Maron, Garst & Friedgood, 1951) showed that, though good separations were produced using pure oestrogens, tissue extracts gave considerable spreading and tailing of the spots in the paper method, and in both cases there was insufficient removal of impurities. (after Bush, 1950) . For further details see text. The spots were detected by iodine and drawn in before they faded.
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Reversed-phase partition chromatography on siliconetreated paper. This method (Kritchevsky & Tiselius, 1951) , gave perfect results for pure steroids, but impurities caused streaking and drastic alteration of Rp values.
Reduction of extracts by lithium aluminium hydride. Some of the impurities in the 'phenolic' fractions may have been weak acids containing carboxyl groups. If these acidic groups could be reduced by means of lithium aluminium hydride, then these impurities could be easily removed.
Much impurity was removed from the extract by this means, but further purification was still necessary as shown by the amount of residue, and by the results of coupling with Fast Black Salt K. In the reduction process, oestrone was quantitatively reduced to oestradiol as judged by the intensity of the spot after coupling.
The use of Folin & Ciocalteu's reagent. If the oestrogens were heated with this phenol reagent (Folin & Ciocalteu, 1927) , the colour changed from yellow to green, and became blue on addition of alkali (see Fig. 4 ).
For quantitative assay, the oestrogen was dissolved in ethanol, placed in B x 0-5 in. test tubes,the ethanol removed in a current of nitrogen and 0 4 ml. of the reagent (diluted with 2 vol. water) added. The tubes were then stoppered with cotton wool, heated in a boiling-water bath for 10 min., cooled and transferred to a water bath at 25°; 0-15 ml. of 25% (w/v) NaC,03 solution was added, the stoppers were replaced, and the tubes left for 10 min. The colour intensity was then measured within 5 min. in the 0 5 ml. cells of the Spekker instrument, using an Ilford Spectrum Red 608 filter (transmission max. 680-700 m,u.) (Fig. 4) . Controls must always be measured. All three oestrogens give similar extinction values. Ciocalteu's reagent. To oestriol, 0-4 ml. of diluted Folin & Ciocalteu's reagent was added. Tubes were heated in boiling-water bath for 10 min. 0-0 (green colour). To this solution was added 0-15 ml. 25% Na2CO, and the tubes were kept in bath at 250 for 10 min. +-+ (blue colour). All absorptions were measured against blank solutions containing no oestrogen, and all readings were taken in region ofmax. absorption (690 my.) using 0-5 ml. cells in a Spekker Photoelectric Absorptiometer (filter Ilford 608, transmission max., 680-700 m1s.). later), this method proved reliable for the estimation of pure oestrogens. However, its low degree of specificity, and susceptibility to small quantities of foreign matter, renders it inferior to fluorimetry for general use with tissue extracts.
Puri,fication by paper chromatography General procedure; apparatus and methods. The following method of paper chromatography was found to give a quick and simple separation, and almost complete purification of the three oestrogens in the tissue extracts. To avoid streaking, and to give reproducible Rp values in the presence of the large amount of greasy impurity found in the extracts, it was found essential to use an elevated temperature under the carefully controlled conditions recently described by Bush (1952) for adrenal steroids. All chromatography tanks were enclosed in a cabinet (dimensions 100 x 70 x 70 cm. high), controlled thermostatically at 32 +0.50 (Bush, 1952) . Good results have also been,obtained with a well-insulated tank placed in a laboratory incubator. The dimensions ofthe glass tanks were 30 x 20 x 40 cm. high, and to ensure proper equilibration of the highly volatile solvents at the relatively high temperature used, the inner walls of the tank were covered with wads of filter paper. Those at the sides dipped into the mobile phase covering the bottom, while those at the ends dipped into vessels containing 200 ml. of stationary phase (cf. Bush, 1952) .
Spreading of the spots due to evaporation of solvent through the lid seal was reduced by covering the tank lid with a piece of cloth, the edges of which hung a few inches down the outside of the tank.
The chromatograms were hung with approx. 6 cm. of paper running with a slope of 1 in 1 between the liquid level and the supporting rod. The Up to 20.ug. of each oestrogen could be run on the paper before any sign of streaking appeared; the minimum amount for detection is 0-5-1-pg. Single preparative runs of extracts from 100 g. of placental tissue have been made, but, for estimations, extracts from 10-20 g. were placed on the paper. Solvent systems. The mobile phase for oestrone and oestradiolwasmade from 1000 ml.lightpetroleum (b.p. 100-1200); the stationary phase from methanol (1000 ml.). For oestriol these were respectively from benzene (1000 ml.) and from a mixture of methanol (500 ml.) and water (500 ml.). The phases were mixed, equilibrated overnight in the cabinet, separated, and placed in their respective compartments in the tanks (except in the running troughs). A store of the equilibrated mixture was kept in the cabinet to replenish the tanks from time to time.
Equilibration of paper. If the tank were opened during insertion of the paper for the minimum time only, not more than 5 min. were needed for equilibration.
Running of the chromatograms. The runs were started by pouring 35 ml. of mobile phase into the troughs by means of a funnel through holes in the lid of the tank (Hanes & Isherwood, 1949) . The solvent systems have been so Vol. 56 arranged that the runs may take place overnight. With a 15 hr. run, the spots were well distributed over the papers.
The Rp values in the respective systems are oestrone, 0-2; oestradiol-17fl, 0 07; and oestriol, 0-13 (Fig. 5) .
Detection of 8pot8 Methods already described. The detection of oestrogens on paper chromatograms has always proved difficult. The iodine technique described by Bush (1950) will detect 1 dg. of steroid/cm.2. The method is however byno means specific, and the spots disappear after a few hours owing to evaporation of the iodine. Boscott (1951) Oestriol ammonia solution is preferable to a spray of Na2CO3, as the latter tends to produce a darker background and spoils the texture of the paper. The paper was lightly sprayed with Folin & Ciocalteu's reagent (freshly diluted, 1 vol. reagent to 5 vol. water), and placed immediately into a glass tank, the bottom of which was covered with NH3 soln. (sp.gr. 0.880). When the spots reached maximum intensity (about 5 min.), the paper was removed and dried at room temp. to give a permanently stable chromatogram; the oestrogens showed as blue spots on a pale-blue background (Fig. 5) . The minimum amount detectable is 0-5 pg./cm.2. The spray used for applying the reagent must be all of glass or Bakelite construction, as many metals react with the reagent to give a dark-blue background to the chromatogram.
Though the blue colour is formed by many other substances besides phenols, we found that, within the group of steroids investigated, in addition to the oestrogens, only those bearing an x-ketol side chain gave a strong colour (Table 1 ).
For quantities ofoestrogen over 1 tsg. the reaction does not go to completion during a single spraying, consequently, for amounts more than this, the depth of colour on the paper is only quantitative if the paper is put through the complete process (drying after each treatment with NH,) at least 4 times. The oestrogen content of the spots can then be obtained by visual comparison with standards run in parallel. Alternatively, the amount of oestrogen present may be estimated after the first spraying by cutting the spot into small pieces, adding reagent and treating as previously described under the estimation using Folin & Ciocalteu's reagent.
Fluorimetric estimation
For this method the positions of the spots were found by means of parallel runs with smaller amounts of similar extract, and of pure oestrogens. The strips containing these parallel runs were cut out and sprayed with Folin & Ciocalteu's reagent. The smallest area ofpaper ensuring removal of all oestrogen in the main runs was then cut out, together with similar areas from a blank part of the chromatogram. Standard amounts of oestrogen were placed on these blank papers.
Despite pre-extraction with methanol for 48 hr., it was found necessary to extract each paper with the same amount of solvent for a standard time, and for this purpose an apparatus was constructed which dripped 5 ml. of methanol from capillary tubes over a period of 8 min. The drops were allowed to fall on the top corners of the papers, each suspended on a stainless-steel hook, and collected from the bottom corners into the test tubes in which the fluorescence was to be developed. The methanol was removed by a stream of N. with the tubes immersed in a water bath at 700.
Several methods for the fluorimetric determination of the oestrogens have been described (Finkelstein, Hestrin & Koch, 1947; Jailer, 1948; Bates & Cohen, 1950; Engel et al. 1950; Diczfalusy, 1953) . Each of these techniques was investigated, and that of Diczfalusy (1953) found to be the most satisfactory for general use. In this method the oestrogen is dissolved in 0 5 ml. ethanol and the fluorescence developed by heating for 10 min. in a boiling-water bath with 8 ml. of 88% (v/v) HSO4 followed by cooling in cracked ice.
A sensitive fluorimeter, suitable for estimating the fluorescence produced by amounts down to 0-1 ,ug. oestrogen, which has given satisfaction during 3 yr. general use, was constructed from readily available materials utilizing the photomultiplier circuit described by Lowry (1947 
Final identification of oestrogene from placentae
The extracts from 160 g. of placental tissue ('free' fraction Fig. 1) were run on chromatograms. The spots were removed from the paper and eluted as above. The methanol was evaporated, the residue dissolved in 1 ml. of ethanol and the ultraviolet absorption spectra were measured and compared with those for pure oestrogens (Fig. 6) .
It was found that the filter paper, even after previous extraction in the Soxhlet extractor for several days, still contained a substance which was extracted by methanol and absorbed strongly in the ultraviolet region, causing distortion of the oestrogen curve. Extracts were therefore made of similar blank areas of filter paper and used as the solvent blank for obtaining the absorption curves. . pure oestrone/ml. ethanol; 2, oestradiol; 3, oestriol and 4, oestrone from 160g. placental tissue, dissolved in 1 ml. ethanol. The absorptions were measured against extractions from similar areas of blank chromatogram paper. The absorption curves for pure oestriol and oestradiol are similar to that for oestrone. Readings were taken at every mi&. over the whole range shown and the curves are drawn through the experimental points. Vol. 56
Although peaks were found for oestriol and oestrone, the oestradiol content of the placental extracts was always low, and in this case was insufficient to produce a clear peak at 281 m,u.
The ethanol was then removed from these solutions, and the residue coupled with Fast Black Salt K, followed by chromatography (Heftmann, 1950) . In each case welldefined spots were produced, identical in all ways with spots produced by parallel runs of the three pure oestrogens.
The absorption curves were obtained for similar eluates which were then assayed biologically (by vaginal cornification produced by injection into adult, spayed female mice) and fluorimetrically, with the results shown in Table 2 .
Thus, in addition to the spots having the same Rp values as pure oestriol, oestrone and oestradiol, their identity has been proved by ultraviolet absorption, chromatography of the product obtained by coupling with azo dye, development of fluorescence in H2SO4 and by bio-assay, and good agreement of results has been obtained by the various methods of estimation (Table 2) .
Recovery experiments
As preliminary work showed there was a considerable loss of the oestrogens during purification, the recovery of the three oestrogens added to full-term placental tissue was investigated. The importance of the rigorous purification of all solvents, the necessity of completing all processes above room temperature under N2, and the need to keep extracts in the deep freeze (temp. -20°) whenever possible was proved early in the investigation. These precautions, however, did not prevent a large loss, and to arrive at the true level of oestrogen in the samples of placental tissue, it was necessary to complete several large-scale recovery experiments (Table 3) .
The oestrogens were added in ethanolic solution after the first addition of 80 % (v/v) ethanol to the tissue (see Fig. 1 ), and, as Diczfalusy (1953) has also shown, the added oestrogen did not appear in the 'conjugated' or 'protein-bound' fractions. Heating the tissue to 1000 in N2 before adding the oestrogen increased the recovery in all cases, whilst heating in air increased it further, but destroyed some of the original I954 oestrogen. The use of thiourea did not improve the recovery, though Bauld (1953) found that some antioxidants prevent losses at certain stages in the extraction of oestrogens from urine.
Though recoveries varied from batch to batch, the good agreement of duplicate estimations carried out on the same specimen (Table 4 ), shows that the losses involved in purification were constant for each batch of minced placenta.
Very little loss took place during chromatography and elution from the chromatogram. Oestrogens added to the extract placed on the paper were recovered as follows: oestriol, 97 %; oestrone, 95 %; oestradiol, 84 %.
The Diczfalusy (1953) found the amounts of the free oestrogens to be respectively 125-4, 46-7 and 3-1ji g./kg. Neither of these workers corrected for losses during purification.
As recovery experiments were not carried out on the 'conjugated' and 'protein-bound' fractions, losses in purification cannot be applied to the average results for these fractions shown in Table 4 .
To ascertain how much of the oestrogen in the placental tissue was due to the small amount of retained blood, estimations were carried out on 10 ml. samples of venous blood taken just before or after delivery. The sensitivity of the method was not sufficient to give accurate results on such small amounts of material, but was sufficient to show (Huffman et al. 1940; Diczfalusy, 1953) 
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The advantages of the method described in this paper, and also that of Diczfalusy (1953) , are that they require very much smaller amounts of material and take far less time than the earlier procedures (cf. Huffman et al. 1940 ). The method is being applied to the separation and estimation of oestrogens in urine. SUMMARY 1. An investigation has been made into many of the chromatographic techniques now available, with a view to their use in the separation and purification of tissue oestriol, oestrone and oestradiol.
2. A method has been developed for the isolation and estimation of these three oestrogens in placental tissue. It involves a preliminary chemical separation followed by paper chromatography, elution and fluorimetric estimation.
3. The use of Folin & Ciocalteu's reagent in a sensitive method for detection of the oestrogens on paper chromatograms is described.
4. The use of azo-dye coupling followed by paper chromatography (Heftmann, 1950) , has been adapted to the quantitative assay of oestrone and oestradiol, and a new method of assay for oestriol, oestrone and oestradiol using Folin &z Ciocalteu's reagent is described.
5. The uncorrected average quantities of 'free' oestrogen/kg. in seven full-term placentae were: oestriol, 190 ,tg., oestrone, 80 jtg. and oestradiol, 25 /Lg. The values for 'conjugated' oestrogen were respectively: 44, 21 and 8,g., and for 'proteinbound' oestrogen: 21, 14 and 7 ,ug. Large differences were found in the oestrogen content of individual placentae.
6. Recovery experiments show that the normal methods of extraction and purification, when applied to the 'free' oestrogens in full-term placental tissue give losses of between 70 and 90 %. The corrected average quantities of 'free' oestrogen/kg. in seven full-term placentae were estimated as: oestriol, 680 pg., oestrone, 580,g. and oestradiol, 170 ,ug./kg. Whilst these corrections are accurate for the seven placentae examined, they may be only roughly applicable to other samples of this tissue.
